Introduction
Several oncogenes have been isolated from RNA tumor viruses that cause sarcomas (Rosenberg and Jolicoeur, 1997) , and their functions to modulate transcriptional regulation in host cells have been extensively analysed using fibroblasts. One function of v-src, for example, isolated from Rous sarcoma virus (RSV), is to elevate endogenous MAP kinase activity constitutively in chicken embryo fibroblasts (CEF), which, in turn, leads to activation of transcription factor AP-1 (c-jun and fra-2) through autoregulatory loops (Suzuki et al., 1994; Murakami et al., 1997a Murakami et al., , 1999 . Another transcription factor, Stat 3, was also shown to be activated in fibroblasts (Zhang et al., 2000) , possibly through a different signaling pathway that involves Jak1 kinase.
Since tumors of epithelial origin (carcinomas) are of major medical importance, the functions of oncogenes originated from RNA tumor virus have also been analysed in epithelial cells. v-src, for example, was shown to be a potent effector of cell differentiation and invasiveness in an established epithelial cell line, MDCK (Behrens et al., 1993) . In a mammary epithelial cell line, c-Fos was suggested to cause the cells to depolarize to invade collagen gels (Reichmann et al., 1992) , whereas c-Jun induced loss of epithelial cell polarity (Fialka et al., 1996) . These actions appear to mimic at least part of the epithelial-mesenchymal transition (EMT) in vivo, which occurs during carcinogenesis as well as during normal development (Hay, 1990; Birchmeier and Birchmeier, 1994; Hay and Zuk, 1995; Boyer et al., 2000) .
It is noteworthy, however, that in the embryo, oncogenesis by single oncogenes was shown to be strongly attenuated in mesenchymal and epithelial tissues; most embryonic cells expressing v-src grew normally without neoplasia, showing a clear contrast to those in culture (Stoker et al., 1990) . To analyse the mechanisms and kinetics of EMT in a system closed to in vivo environment, primary organ cultures, where the epithelium and mesenchyme are mutually dependent for their maintenance and differentiation, were needed.
Chicken digestive organs are comprised of endodermal epithelium and mesenchyme derived from the splanchnic mesoderm (Yasugi, 1993) . Morphogenesis of the proventricular glands starts in 6.5-day embryos. Groups of epithelial cells invaginate into the underlying mesenchyme to form the gland structures and then start to express the embryonic chicken pepsinogen (ECPg), a differentiation marker of the glandular epithelial cells. In contrast, noninvaginating epithelial cells express the chicken spasmolytic polypeptide (cSP) gene and differentiate into luminal cells (Tabata and Yasugi, 1998) . In organ cultures of developing glandular stomach (proventriculus), reconstituted from the epithelium and mesenchyme, each of these tissues is essential for the growth and differentiation of the other during organogenesis observed for 6 days of organ culture (Takiguchi et al., 1988) . Such culture was used to show that bone morphogenetic proteins (BMPs) are important as mesenchymal signals for inducing proventricular glands . Furthermore Shh, which is secreted exclusively from the epithelium, has been shown responsible for patterning across the radial axis of the gut through induction of inner components and inhibition of outer components (Sukegawa et al., 2000) . To study these mutual instructive signals, a stable gene transfer system based on a replication-competent retrovirus vector was established (Iba, 2000) . In this system, induction of a specific transgene in either the epithelium or mesenchyme is possible . A transient expression system using electroporation was also established that yielded expression for 3 days .
We here used these gene-transfer systems to investigate the functions of several oncogenes and protooncogenes in the epithelium of the glandular stomach. While the oncogenic potentials of most of these genes were strongly attenuated in our organ culture system, v-src caused reproducible and drastic EMT. The kinetics and signaling pathways involved in this transition as well as cell fate analysis after transient epigenetic abrogation will be presented.
Results

RSV induces drastic disorder in stomach organ cultures, when specially infected into the epithelium
Organ cultures of the glandular stomach (proventriculus) were reconstituted from epithelium of C/O embryos (virus sensitive) and mesenchyme of C/AB embroys (virus resistant). To achieve epithelium-specific oncogene transfer, RSV-based replication-competent retrovirus vectors encoding v-Src from RSV(SRA), v-Fos from FBJ-MuSV, chicken c-Fos, chicken c-Jun and chicken JunD were infected to the organ cultures. Expression pattern of the viral gag gene was monitored on the transverse section in each culture by in situ hybridization. In the control vector-infected organ cultures (Figure 1a) , it was detected in the entire epithelium, but the mesenchyme was uninfected, as expected. In this organ culture, we can observe in vivo organogenesis at least for 6 days. On day 6, gland formation was clearly observed similar to that in uninfected recombination cultures . None of the vectors tested, with the exception of RSV, caused any significant change in the organ cultures compared with control virus-infected cultures (data not shown). Prominent morphological changes were observed when RSV was used (Figure 1b) . The organ cultures were enlarged and RSV-infected cells were detected throughout the culture by using either gag (Figure 1b ) or v-src (Figure 1c) probe. Whereas in some cases, no epithelial monolayer was visible at all (Figure 1b) , a small portion of uninfected epithelium was often retained on the surface (Figure 1c) . In an Figure 1c , cSP mRNA, a market of luminal epithelium, was detectable only in the uninfected epithelial cells.
We next focused our analysis on these RSV effects. The remarkable changes caused by RSV suggest that v-src disrupts the epithelial structure and induces invasion of infected epithelial cells into the mesenchyme. However, the possibility that RSV infected C/AB cells via a receptor-independent mechanism in this organ culture system could not be ruled, although leaky infection was not detected when CEF were prepared from C/AB embryos. To discriminate between these two possibilities, we used quail-chicken chimeric organ culture, where quail epithelium was used instead of epithelium from chicken C/O embryos. Quail cells are also susceptible to RSV belonging to subgroup A. In recombination cultures infected with control vector, only epithelium was stained with QCPN, a monoclonal antibody that recognizes a quail-specific antigen ( Figure 2b ). When quail epithelium was infected with RSV, v-Src-positive cells were detected exclusively in the mesenchyme of the recombination cultures ( Figure 2f ). All v-Src-positive cells were also stained with QCPN in the same sample section (Figure 2e ), whereas the mesenchymal C/AB cells, which were QCPN-negative, were not stained with v-Src antibody at all (Figure 2f ). These analyses of single-cell resolution results indicate that the RSV-infected epithelial cells can migrate into the mesenchyme without infection to the mesenchymal cells in these cultures. While a monolayer of luminal epithelium that is QCPN-positive ( Figure 2e ) and v-Src-negative (Figure 2f ) is observable in the RSVinfected recombination culture, we think these cells were derived from those that escaped RSV infection as was shown in Figure 1c , d. These cells would have grown normally to cover the surface of the mesenchyme during the incubation.
RSV-infected epithelial cells exhibit sequential changes in gene expression patterns
To analyse the properties of the v-src-expressing cells that migrated into the mesenchyme, we examined the expression patterns of several genes reported to be specific to either epithelium or mesenchyme. In day-6 organ cultures, reconstituted by the C/O epitherium and the C/AB mesenchyme, v-src/expression was detected exclusively in the mesenchyme (Figure 3a) , indicating migration and subsequent extensive proliferation of RSV-infected epithelial cells. A small portion of epithelium that escaped RSV infection (upper left) serves as an internal control of normal epithelium in the same section (Figure 3a, c, e, g, i) .
In the uninfected cultures, E-cadherin (L-CAM) mRNA was detected in both luminal and glandular epithelial cells (Figure 3d ), whereas only luminal epithelial cells expressed Shh mRNA (Figure 3f ) (Matsumoto et al., 1998) . In RSV-infected cultures, v-srcexpressing cells did not express Shh or E-cadherin (Figure 3c , e). While normal invaginating epithelium (Glandular epithelium) expresses ECPg, this protein was not detected in v-src-infected organ cultures (data not shown), confirming that v-src-infected cells differ from the glandular epithelium formed by invagination. In control cultures, type I collagen mRNA was detected in mesenchymal cells, with highest expression occurring below the basal membrane ( Figure 3h ). In RSV-infected cultures, cells expressing v-src also expressed type I collagen ( Figure 3g ) independent of the distance from the surface. When another marker of mesenchymal cells, fibronectin was detected by immunohistochemical staining, it was positive for all the cells in the entire organ culture except the epithelium, suggesting that v-srcexpressing cells also express fibronectin protein (data not shown). The expression patterns of these four marker In the epithelial monolayer of the control cultures, E-cadherin protein was clearly detectable by immunohistochemical staining (Figure 3j ). In RSV-infected cultures, v-src-expressing cells contained reduced amounts of E-cadherin distributed diffusely over the cell surface (Figure 3i ), whereas these cells did not express detectable levels of E-cadherin mRNA (Figure 3c) . This E-cadherin should have been produced by the ancestral epithelial cells and diluted by cell division. v-Src kinase phosphorylates tyrosine residues in E-cadherin, and an associated protein, catenin, and abolishes function of both proteins to support cell-cell interactions of epithelial cell lines (Behrens et al., 1993) , suggesting that both tyrosine phosphorylation of E-cadherin and reduction of E-cadherin levels because of cell division may contribute to these changes in cellular morphology.
Transient expression of v-src causes budding and migration of cells from the stomach epithelium
We next intended to analyse the kinetics of this EMT induced by RSV, but detailed analyses of the transition kinetics were difficult because the onset of v-src expression was variable and delayed because of the eclipse period after viral infection. To examine the initial step of EMT, we used another technique for gene transfer, that is, electroporation. A low concentration of v-src expression vector was electroporated into the luminal side of the stomachs, which had been dissected and cut open. The v-src transcript was detected in cells located in the central region of the epithelium, where the electric current was nearly vertical to the cellular surface under our electroporation conditions. Some cells were moving individually into the mesenchyme, whereas other cells were detected below the basal membrane (Figure 4a, b) . These cells were detected in all the v-srcelectroporated organ culture on day 2, indicating that v-src expression induced budding from the epithelium. Small clusters of cells and single cells were also detected in the mesenchyme, suggesting that the cells migrated into and divided in the mesenchyme.
When electroporation was performed with a high concentration of v-src plasmid, all the cells in the central region of the epithelium expressed v-src, and these cells tended to pile up, forming an irregular multilayer structure (Figure 4c ). When v-src plasmid was electroporated together with Green fluorescent protein (GFP) Figure 3 Expression pattern in uninfected recombination organ culture (b, d, f, h, j) and recombination culture in which the epithelial cells were infected with RSV (a, c, e, g, i). Serial sections were prepared on day 6, and gene expression of v-src (a, b), E-cadherin (c, d) Sonic hedgehog (e, f) and type I collagen (g, h) was detected by in situ hybridization. E-cadherin protein (i, j) was detected by immunohistochemical staining. A part of epithelium were escaped from RSV infection (a, c, e, g, i, upper left) (bar, 0.1 mm) Figure 4 Transient expression of v-src in epithelial cells causes budding and migration of these cells into the mesenchyme or unregulated growth of the epithelium. Glandular stomachs prepared from 6-day chicken embryos were cut open in the sagittal direction, and electroporated into the epithelium with either v-src expression vector at low dosage (20 nm) (a, b) or at high dosage (140 nm) together with 70 nm of GFP-expressing vector (c, d, e, f, g). On day 2, expression of v-src RNA was detected by in situ hybridization (a, b, c), and expression of GFP was detected as green fluorescence in the section adjacent to that shown in c (d). E-cadherin protein was detected by immunohistochemical staining (red e, f). Green fluorescence of GFP was merged in (f). Green fluorescence of GFP was merged in (f). Fibronecting was detected by immunohistochemical staining (red g), in which green fluorescence of GFP as well as DIC was merged. Overlapping regions between fibronectin and GFP should be stained in yellow, but yellow regions were marginal indicating that GFP-positive cells (v-src-expressing cells) are not producing fibronectin (bar, 0.1 mm)
Kinetics of RSV-induced EMT Y Shimizu et al expression plasmid, most v-src-expressing cells also expressed GFP visualized as green fluorescence (Figure 4c, d) in the adjacent section, confirming coexpression of the genes of interest in a single cell. E-cadherin in these organ cultures was examined by confocal microscopy (red, Figure 4e , f). v-src-expressing cells detected by the coelectroporated GFP expression plasmid (Figure 4f) showed a round or spindle morphology, some of which piled up and formed irregular multilayer structures with small amounts of E-cadherin in their surfaces. When fibronectin protein was detected by immunohistochemical staining (red), it was absent around GFP-positive cell clusters visualized as green fluorescence, whereas all the mesenchymal cells expressed it (Figure 4g ).
We then examined mRNA expression patterns of v-src-expressing cells 2 days after high-dose electroporation ( Figure 5) . None of the v-src-expressing cells expressed Shh mRNA (Figure 5e ), indicating that production of v-src immediately downregulated expression of Shh mRNA. E-cadherin mRNA was detected in most v-src-expressing cells (Figure 5c ), regardless of whether they migrated into the mesenchyme or remained in the epithelium. However, the level of E-cadherin mRNA expression was lower than that observed in the epithelium of control organ cultures (Figure 5d ) and became much lower on day 3 (data not shown). Expression of type I collagen mRNA was not detected in the v-src-expressing multilayer cells, which were going to invade into the mesenchyme (Figure 5g ).
Therefore, v-src-expressing cells have not acquired the properties of mesenchymal cells as yet by judging from two mesenchymal markers, fibronectin and type I collagen.
Continuous expression of v-src is necessary to complete the EMT
The fates of cells that migrated into the mesenchyme after transient expression of v-src were of interest to us. We investigated whether these cells established EMT even after complete loss v-src by day 4 or returned to their cellular epithelial ontogeny. The cells that expressed v-src had to be stably marked. We devised a new gene transfer method that combined virus infection and electroporation ( Figure 6) . First, the v-src expression plasmid was electroporated into stomach epithelium derived from C/O chicken embryos. After several hours of incubation, the epithelial fragment, the control part of which was introduced with v-src plasmid, was isolated and it was recombined with the mesenchymal fragments for C/AB chicken embryos. These recombination cultures were infected with replication-competent virus carrying the GFP gene to specifically mark epithelial cells and analysed on day 6 after infection.
In organ cultures electroporated with v-src plasmid, all GFP-positive cells were located in the mesenchyme (Figure 7d ) and contained E-cadherin protein (Figure 7g ), although its distribution was disorganized. These GFP-positive cells should have been derived from v-src-expressing epithelial cells, even though the cells were not producing v-src at that (Figure 7c ). Type I Collagen expression was not detected in these cells (Figure 7h ), indicating that continuous v-src expression is essential for the establishment of EMT. It should be noted that E-cadherin and Shh mRNAs were absent in these cells even after loss of v-src expression (Figure 7e , f), indicating cellular memory as 'epithelial cells' was irreversibly abrogated. There were cells expressing both E-cadherin and Shh mRNA at the surface of the organ culture (Figure 7e, f) . They did not express GFP and would have originated form epithelial cells, which were escaped from both v-src electroporation and GFP-virus infection. Similar examples had been introduced in Figure 1c , d or Figure 2e .
A consitutively active form of MEK can also induce EMT
High concentrations of expression vectors encoding vFos, c-Fos, Fra-2 and c-Jun, JunD and MEKDD (a constitutively active mutant of MEK; Huang and Erikson, 1994) were coelectroporated with the GFPexpression vector into the epithelium of the organ culture. We monitored GFP fluorescence in the organ culture on day 2 and found that all the vectors except for MEKDD caused no apparent morphological effects. We have previously shown that exogenous expression of MEKDD in CEF caused activation of endogenous MAP kinase (ERK2), although the level of the active form of ERK2 in these cells was lower than that in v-srcexpressing cells (Murakami et al., 1997a (Murakami et al., , 1999 , and our 
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Y Shimizu et al unpublished data). As shown in Figure 8b , c, the expression vector encoding MEKDD induced budding and migration of the epithelial cells in all the electroporated cultures (Figure 8b, c) . MEKDD-expressing cells retained in the epithelium showed rapid growth in the lateral direction and yielded wavy monolayers that stacked upon each other (Figure 7d ). Expression of Shh, E-cadherin and type I collagen mRNA in GFP-positive cells was determined by in situ hybridization on day 2 (Figure 8 ), Shh mRNA was significantly reduced in GFP-expressing cells that reside in piled up epithelium (Figure 8e ). In GFP-expressing cells, E-cadherin mRNA was also reduced (Figure 8d ), but in a lesser extent compared with the reduction observed in Shh mRNA. Expression of type I collagen mRNA was undetectable in multilayer cells that start invading into the mesenchyme (Figure 8f ). The expression profiles of the Shh, E-cadherin and type I collagen genes in MEKDDintroduced cells are very similar to those in v-srcintroduced cells. The result suggests that MAP kinase pathway would be important for the EMT induced by v-src. But we cannot exclude the possibility that v-src induces some additional pathways to perform its stronger EMT activity. The major difference between v-src and MEKDD would be that the epithelium introduced by MEKDD exhibited overgrowth in the lateral direction (Figure 8a,  b) , while v-src by expressing epithelial cells form a discordered massive structure (Figure 4c ) that is finally lost in the organ culture. To understand the fate of these epithelial cells more closely, apoptotic cells were examined by the TUNEL method (Figure 8g , h, i). Among v-src-expressing cells (Figure 8i, j) , those retained in the epithelium as a component of disordered multilayers underwent apoptosis, whereas those that migrated into the mesenchyme did not. These results likely explain why epithelial cells are missing in the RSV-infected recombination cultures on day 6; v-src-expressing cells retained in the epithelium are removed from the culture by apoptosis. When apoptotic cells in the organ cultures introduced by MEKDD were also analysed by TUNEL, however, only a few apoptotic cells were detected (Figure 8h) , showing significant differences from v-srcinfected cultures.
Discussion
Considering potential importance in human carcinogenesis, we demonstrated here the biological effects of several oncogenes in the primary epithelial cells, the growth and differentiation of which depend upon the presence of the primary mesenchymal cells. The retrovirus vectors carrying v-fos, c-fos and c-jun, as well as the transient expression of plasmid carrying the same genes, failed to induce any detectable loss of polarity in the epithelium, although these virus vectors showed clear transforming activity in CEF as judged by their abilities to induce anchorage-independent growth or focus formation (Iba et al., 1988; Suzuki et al., 1991 Suzuki et al., , 1994 Kameda et al., 1997) . We reported previously that the c-Fos virus used in the present study caused significant alterations in bone formation when microinjected into developing limb buds . Therefore, oncogenic potential of these oncogenes appears to be attenuated significantly in this stomach organ culture system.
On the other hand, RSV (v-src virus) efficiently induced EMT. The kinetics of EMT was summarized in Figure 6 Schematic presentation of a new gene transfer method developed for cell fate analysis. Proventriculi (PV) were dissected from 6-days-C/O embryos, cut open sagitally and electroporated to introduce the v-src-expression plasmids into the central part of the epithelium (shown by dark red). After several hours of incubation, the epithelial fragments were isolated and recombined with the mesenchymal fragments dissected from 6-day-old C/AB embryos. The recombination cultures were infected with GFP virus to mark epithelial cells specifically and kept at 371C
Kinetics of RSV-induced EMT Y Shimizu et al Figure 9 , where the cells in the process of EMT were categorized into three stages on the basis of their expression patterns of four genes. We identified downregulation of the Shh gene expression as an earliest gene response to the v-src induction (Stage I). Shh has been shown to play essential roles in organogenesis in digestive tracts as an instructive signal from the epithelium (Roberts et al., 1998; Fukuda et al., 2000) . Whereas secretion of Shh is essential for the growth and differentiation of mesenchymal cell in our organ culture , mesenchymal cells were maintained well even in the organ culture where the v-src-infected epithelial cells did not express Shh at all. This might suggest that, instead of Shh, the v-srcexpressing cells secrete some paracrine factors that support and stimulate the growth of mesenchymal cells. While expression level of Shh in epithelial cells is reduced significantly from the later stages in development (Matsumoto et al., 2000) , its importance for the epithelial-mesenchyme interaction even in adult has been revealed by the fact that abrogation of Shh/Smo/ Patched signaling pathway causes tumor formation such as basal cell carcinomas (Gailani and Bale, 1997).
After Stage I, cells appeared to undergo either budding into mesenchyme (Stage II) or apoptosis. This apoptotic process seems to be in response to the absence of cell-matrix interactions and could be designated as 'anoikis ' (Frisch and Francis, 1994) . Cell lineage analysis demonstrated that cells that had migrated into the mesenchyme after transient expression of v-src stayed in Stage II and did not transit to Stage III to complete the EMT, nor did they revert to the epithelial phenotype as assessed by the loss of Shh and E-cadherin mRNAs (Figure 7) . These results indicate that continuous expression of v-src is essential for the establishment of EMT (Stage III). In stage III, all RSV-infected cells assume a fibroblast-like morphology when present in the mesenchyme, whereas the infected cells cannot survive in the epithelium. This unique property of RSV would explain, in part, why this sarcoma virus does not apparently form carcinomas in chicken. When mesenchymal cells were specifically infected with RSV, they could grow autonomously in the absence of overlying epithelium (our unpublished results) confirming that v-src has strong oncogenic potential in mesenchymal cells.
As for the v-src signaling pathway, we have previously obtained the following results. In RSV-transformed CEF, MAP kinase (ERK2) is constitutively activated and phosphorylates endogenous Fra-2, converting it into an active transactivator (Murakami et al., 1997a (Murakami et al., , 1999 . Active Fra-2 in turn increases expression of fra-2 and c-jun by binding to AP-1 binding sites in the promoters of these two genes. All these activities were also detected in MEKDD-expressing CEF (Murakami et al., 1999) , although in a lesser extent. It would be partly because the activation level of endogenous ERK2 by MEKDD is lower than that by v-Src. The observation that transient expression of both v-Src and MEKDD convert the epithelial cell to Stage II suggests that MAP kinase signaling pathway would be important for their biological activity. A kinase-deficient mutant of MEK (MEKVV) (Huang and Erikson, 1994; Huang et al., 1995) might be useful to prove this, but we have previously shown that the mutant failed to inhibit endogenous MAP kinase in CEF (Murakami et al., 1999) . Therefore, we cannot exclude the possibility that some pathways other than MAP kinase pathway are involved in EMT induced by v-src at this moment.
Exogenous expression of MEKDD induce only a few apoptotic cells at the epithelium, indicating that loss of Shh and E-cadhelin is at least not sufficient to induce apoptosis. These results also suggest that signaling Figure 7 Analysis on the fates of epithelial cells that have transiently expressed v-src. Gene expression patterns in day 6 organ cultures electroporated with either control plasmid (a, b) or v-src-expression plasmid (c-h) were monitored by in situ hybridization or immunohistochemistry. After glandular stomachs from C/O embryos were cut open, they were electroporated with either control plasmid or v-src-expression plasmid, and processed as schematically presented in Figure 6 . Recombination cultures were infected with GFP virus to provide a stable mark of the epithelial cells. Sequential sections were hybridized with the probes specific for v-src (a, c), E-cadherin (e), Shh (f), type I collagen (h) or stained immunohistochemically for E-cadherin (g). To identify cells derived from the epithelium, GFP protein was visualized by fluorescence (b, d) (bar, 0.1 mm)
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Y Shimizu et al pathways other than the MAP kinase pathway would be invloved in v-src-induced apoptosis, whereas it is also possible that a certain threshold level of activated MAP kinase is required to trigger apoptosis in these cells. Transgenic mice that express a constitutively active mutant c-src specifically in mammary gland have been described. Analysis of these mice indicated that activated c-src alone is not sufficient to induce mammary tumors (Webster et al., 1995) . Consistent with these observations, we were not able to induce apoptosis or invasion, when retrovirus vectors carrying c-Src of a c-Src mutant (pTT 701) in which the C-terminal Figure 8 Either MEKDD of v-src induces EMT, but only v-src induces apoptosis. Organ cultures were electroporated with expression plasmids for MEKDD (140 nm) and GFP (70 nm) (a-f). On day 2, the same section were observed with Nomarski's DIC (a), fluorescence for GFP (b) and fluorescence for E-cadherin (c). At the same time, GFP-expressing multilayer cells in the epithelium were selected from serial sections and they were processed for in situ hybridization to detect the expression of E-cadherin (d), Shh (e) and type I collagen (f). Detection of apoptosis in organ cultures 2 days after electroporation with control plasmid (g), expression plasmids for MEKDD (h) of v-src (i). Apoptosis was detected by the TUNEL method using the Takara in situ Apoptosis Detection Kit (Takara, Japan). A section adjacent to that shown in i was immunostained for v-Src (j) (bar, 0.1 mm) Figure 9 Schematic representation of the kinetics of EMT induced by RSV in the glandular stomach. The results obtained from v-src electroporation were also considered because it induces faster more drastic and synchronous v-src induction than does RSV infection. v-src-expressing epithelial cells (indicated by blue dots) divide extensively, and some start budding from mechanically stressed regions of the epithelial monolayers and migrate into the mesenchyme, while normal glandular formation was inhibited completely. The v-srcexpressing cells retained in the epithelium undergo apoptosis (anoikis) (indicated by red stripes) and ten detach from the culture surface. v-src-expressing cells downregulate Shh expression (Shh) promptly after v-src expression (Stage I), and E-cadherin expression (E-cad) was gradually downregulated during the process of migration (Stage II). The cells migrated continued to divide and induced type I collagen (Col I) mRNA and fibronectin protein (Fn) production by day 5-6 (Stage III) and established the EMT. Epithelial cells that migrated after the transient expression of v-src remain in Stage II, even after elimination of v-src expression.
Kinetics of RSV-induced EMT Y Shimizu et al regulatory region was substituted with v-Src (Iba et al., 1984 (Iba et al., , 1985 were infected into our recombination cultures (our unpublished observation). In human carcinomas, a mutant of c-Src truncated at codon 531 that has activating potential was isolated in a subset of advanced human colon cancers (Irby et al., 1999) , although the frequency of this mutant may be very low (Daigo et al., 1999) . There must be a rather narrow window for src mutants to maintain the balance between oncogenic potential and anoikis-inducing activity, and lead to carcinoma formation.
Materials and methods
Plasmid construction
The NotI digest of pEGFP-N1 (Clontech Laboratories, Inc., CA, USA) was ligated with BamHI linker and further digested with BamHI. The À0.7 kb BamHI fragment (encoding the entire eGFP) was inserted into the Bg1II site of pDS3 (Iba et al., 1984) to generate PDS3-GFP. A 0.94 kb fragment containing the 5 0 part of exon 16 of E-cadherin (L-CAM) cDNA (Sorkin et al., 1988) was amplified by PCR with chicken DNA as a template and ligated into TA cloning vector pCR2.1 (Invitrogen, CA, USA). The EcoRV-SpeI fragment of the resultant plasmid was subcloned into the EcoRV-SpeI site of pBluescriptSK(+) to generate pBSK-ECAD. The BglII-NruI fragment of pXD-R113 (containing the entire v-scr coding sequence) was ligated with 3.4 kb BglII-HpaI fragment of pRSV-2B to generate pRSV2B-v-Src.
Viruses
Replication-competent avian retroviruses (belonging to subgroup A) were constructed by ligating SalI cur of pDS3 derivatives with the SalI fragment of pREP(A) and transfecting them into chicken embryonic fibroblasts (Iba et al., 1984; Murakami et al., 1997b) . For the production of RSV, GFP virus and control virus, pN4 (Iba et al., 1984) , pDS3-GFP and pDS3, respectively, were used as the pDS3 derivatives. The retroviruses carrying v-fos (Iba et al., 1988) , c-fos (Fujiwara et al., 1987; Watanabe et al., 1997) , fra-2 (Nishina et al., 1990) , c-jun and junD were described previously.
Organ culture and specific gene transfer into epithelium by retrovirus
To selectively introduce exogenous genes with the avian subgroup A retrovirus into epithelial cells, we used Japanese quail embryos (WE) and two types of chicken embryos supplied by the Nippon Institute for Biological Science (Kobuchizawa, Japan). One type of chicken embryo was derived from the C/O strain (WL-M/O), which is fully susceptible to all subgroups of avian retroviruses, and other originated from the C/AB (GSN/1, GSN/2) strain, which is resistant to infection with subgroups A and B avian retroviruses. Recombination culture were prepared with proventriculi (glandular stomachs) obtained from 6-day old embryos as described previously (Takiguchi et al., 1988; Koike and Yasugi, 1999) . Two stomach mesenchymal fragments prepared from C/AB were recombined with one stomach epithelial fragment prepared from C/O on a Nuclepore filter (Corning, USA). After incubation of the organ culture 371C (Takiguchi et al., 1988) for 30 min, 2.5 ml virus solution concentrated by ULTRAFREE-MC (Millipore, USA) was dropped with a micropipette onto the reconstituted explants in the well. After incubation for 30 min, additional 2.5 ml virus solution was added. Explants were cultured for 6 days. Culture medium was replaced with fresh medium every second day.
Electroporation
Electroporation was performed as described previously with the ElectroSquarePorator T820M model (BTX Instrument Division, Genetronics Biomedical Ltd; CA, USA) using the proventriculi that were prepared for 6-day embryos and were cut open sagitally. Expression vectors pEGFP-N1 (encoding GFP, Clontech Laboratories), pRSV2B-v-Src (encoding c-Src), pRSV2B-MEKDD (Murakami et al., 1999) encoding a constitutively active mutant of MEK (Huang and Erikson, 1994) , pRSV2B (control vector) were used. Immediately after electroporation, organs were cultured as described above.
In situ hybridization and immunohistochemistry
Embryos and explants were fixed with 4% paraformaldehyde, embedded in OCT (Miles, USA) and cut into 12mm sections with a cryostat. In situ hybridization was performed as described previously (Matsumoto et al., 1998) . Digoxigeninlabeled antisense RNA probes for in situ hybridization were prepared from cDNA clones of chicken v-src (pRSV-v-Src), Shh (pBSK-Shh, Sukegawa et al., 2000) , type I collagen (chicken type I collagen a2) (pBSK-PG45), env of RSV(A) (DS1, Matsumoto et al., 1998) , E-cadherin (pBSK-ECAD), ECPg (Tabata and Yasugi, 1998) and cSP . As control experiments, we also synthesized the corresponding sense probes, and confirmed that they did not detect artefactual signals when hybridized to sections of the organ cultures. For immunohistochemistry, 12 mm cryosections were treated with a rabbit (polyclonal) antibody specific for autophosphorylated v-Src kinase, (Src[pY418] , Biosource International, CA, USA) and monoclonal antibodies for E-cadherin (L-CAM) (7D6), fibronectin (B3/D6) and quail cell-specific antigen (QCPN). The three monoclonal antibodies were obtained from the Developmental Studies Hybridoma Bank, IA, USA. Antibody binding was visualized with Cy3-conjugated affinity-purified goat anti-rabbit 1gG (Chemicon International, CA, USA) for v-src and Cy3-conjugated affinity-purified goat anti-mouse IgG (Chemicon International) for the others. For double staining of Src [pY418] and QCPN, Alexa Fluor 546 conjugated highly crossadsorbed goat anti-rabbit IgG antibody (red) and Alexa Fluor 488 conjugated highly crossadsorbed goat anti-mouse IgG antibody (green), respectively, were used.
